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ILLUMINATION SYSTEM FOR ELECTRON 
BEAM LITHOGRAPHY TOOL 

Field of the Invention 

This invention relates to an illumination system for an electron beam lithography 
apparatus used for the manufacture of semiconductor integrated circuits. 

Background of the Invention 

Electron beam exposure tools have been used for lithography in semiconductor 
processing for more than two decades. The first e-beam exposure tools were based on the 
flying spot concept of a highly focused beam, raster scanned over the object plane. The 
electron beam is modulated as it scans so that the beam itself generates the lithographic 
pattern. These tools have been widely used for high precision tasks, such as lithographic 
mask making, but the raster scan mode is found to be too slow to enable the high 
throughput required in semiconductor wafer processing. The electron source in this 
equipment is similar to that used in electron microscopes, i.e., a high brightness source 
focused to a small spot beam. 

More recently, a new electron beam exposure tool was developed based on the 
SCALPEL (Scattering with Angular Limitation Projection Electron-beam Lithography) 
technique. In this tool, a wide area electron beam is projected through a lithographic mask 
onto the object plane. Since relatively large areas of a semiconductor wafer (e.g., 1mm 2 ) 
can be exposed at a time, throughput is acceptable. The high resolution of this tool makes 
it attractive for ultra fine line lithography, i.e., sub-micron. 

The requirements for the electron beam source in SCALPEL exposure tools differ 

significantly from those of a conventional focused beam exposure tool, or a conventional 

TEM or SEM. While high resolution imaging is still a primary goal, this must be achieved 

at relatively high (10-100 jaA) gun currents in order to realize economic wafer throughput. 

* 

The axial brightness required is relatively low, e.g., 10 2 to 10 4 Acm^sr" 1 , as compared with 
a value of 10 6 to 10 9 Acm^sr" 1 for a typical focused beam source. However, the beam flux 
over the larger area must be highly uniform to obtain the required lithographic dose 
latitude and CD control. 

A formidable hurdle in the development of SCALPEL tools was the development 
of an electron source that provides uniform electron flux over a relatively large area, has 
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relatively low brightness, and high emittance, defined as D*a micron*milliradian, where 
D is beam diameter, and a is divergence angle. Conventional, state-of-the-art electron 
beam sources generate beams having an emittance in the 0.1-400 micron*milliradian 
range, while SCALPEL-like tools require emittance in the 1000 to 5000 
5 micron*milliradian range. 

Further, conventional SCALPEL illumination system designs have been either 
Gaussian gun-based or grid-controlled gun-based. A common drawback of both types is 
that beam emittance depends on actual Wehnelt bias, which couples beam current control 
with inevitable emittance changes. From a system viewpoint, independent control of the 
1 0 beam current and beam emittance is much more beneficial. 

Summary of the Invention 

The present invention is directed to a charged particle illumination system 
component for an electron beam exposure tool and an electron beam exposure tool that 
provides independent emittance control by placing a lens array, which acts as an 

15 "emittance controller", in the illumination system component. In one embodiment, a 

conductive mes&jjricymd^ placed in the SCALPEL lithography tool kept 

at ground potential, forming a multitude of microlenses resembling an optical "fly's eye" 
lens. The mesh grid splits an incoming solid electron beam into a multitude of subbeams, 
such that the outgoing beam emittance is different from the incoming beam emittance, 

2 0 while beam total current remains unchanged. The mesh grid enables beam emittance 

control without affecting beam current. In another embodiment, the illumination system 
component is an electron gun. In yet another embodiment, the illumination system 
component is a liner tube, connectable to a conventional electron gun. 

The optical effect of the mesh grid may be described in geometrical terms: each 

2 5 opening in the mesh acts as a microlens, or lenslet, creating its own virtual source, or 

cross-over, having diameter d, on one side of the mesh grid. Each individual subbeam 
takes up geometrical space close to L, where L equals the mesh pitch. The beam 
emittance ratio after the mesh grid to the one created by the electron gun, equals 

r=(L/d) 2 . 

3 0 In another embodiment of the present invention, the mesh grid includes multiple 

(for example, two, three, or more) meshes. In an odd numbered configuration (greater than 
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one), the outward two meshes may have a curved shape; such a lens would enable beam 
emittance control and also reduce spherical aberration. 

In another embodiment of the present invention, the lens array is a continuous lens 
made of foil. 

Brief Description of the Drawing s 

Figure 1 is a schematic diagram of one conventional Wehnelt electron gun with a 
tantalum disk emitter. 

Figure 2 is a schematic diagram of an electron gun modified in accordance with the 
invention. 

Figures 2(a) and 2(b) illustrate variations of the present invention. 
Figure 2(c) illustrates the effect of the mesh grid on the electron beam. 
Figure 3 is a schematic representation of the electron emission profile from the 
conventional Wehnelt electron gun. 

Figure 4 illustrates the effect of the mesh grid in one embodiment of the present 
invention. 

Figure 4(a) is a schematic diagram of a mesh grid of the invention showing the 
relevant dimensions. 

Figure 5 is a more general representation of the optics of the present invention. 
Figure 6 illustrates the potential across the mesh grid. 
Figures 6(a) and 6(b) illustrate the potential across alternative mesh grid 
arrangements. 

Figure 7 illustrates the equipotential fields around a mesh grid, calculated by the 
SOURCE computer simulation model with a bias voltage of -40 kV. 

Figure 8 illustrates the multi lens effect in the mesh grid, calculated using the 
CP03d computer simulation model with a bias voltage of -40 kV. 

Figure 9 is a schematic diagram illustrating the principles of the SCALPEL 
exposure system. 

Detailed Description 

Referring to Figure 1, a conventional Wehnelt electron gun assembly is shown 
3 0 with base 11, cathode support arms 12, cathode filament 13, a Wehnelt electrode including 
Wehnelt horizontal support arms 15 and conventional Wehnelt aperture 16. The base 1 1 
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may be ceramic, the support members 12 may be tantalum, steel, or molybdenum. The 
filament 13 may be tungsten wire, the material forming the Wehnelt aperture 16 may be 
steel or tantalum, and the electron emitter 14 is, e.g., a tantalum disk. The effective area of 
the electron emitter is typically in the range of 0.1-5.0 mm 2 . The electron emitter 14 is 
preferably a disk with a diameter in the range of 0.05-3.0 mm. The anode is shown 
schematically at 17, including anode aperture 17a, the electron beam at 18, and a drift 
space at 19. For simplicity the beam control apparatus, which is conventional and well 
known in the art, is not shown. It will be appreciated by those skilled in the art that the 
dimensions in the figures are not necessarily to scale. An important feature of the electron 
source of SCALPEL exposure tools is relatively low electron beam brightness, as 
mentioned earlier. For most effective exposures, it is preferred that beam brightness be 
limited to a value less than 10 5 Acm^sr" 1 . This is in contrast with conventional scanning 
electron beam exposure tools which are typically optimized for maximum brightness. See 
e.g., U.S. Patent No. 4,588,928 issued May 13, 1986 to Liu et al. 

The present invention is shown in Figure 2. A mesh grid 23 is disposed in the path 
of the electron emission 25 in the drift space 19. According to Figure 2, the mesh grid 23 
is placed in the electrostatic field- freeMrift space 19, insulated from the drift tube, or liner 
20, and it is biased to a specified potential Um. The potential difference between the mesh 
grid 23 and the liner 20 creates microlenses out of each opening in the mesh grid 23. The 
electron beam 18 is split into individual subbeams (beamlets), and each beamlet is focused 
moving through its respective mesh cell, or microlens. The mesh grid 23 is separated from 
the liner 20 by an insulator 24. The mesh grid 23 and the insulator 24 may both be part of 
a mesh holder. 

One characteristic of the drift space 19 is that there is substantially no or no electric 
field present. The substantial absence of the electric field results in no acceleration or 
deceleration of electrons, hence the electrons are permitted to "drift", possibly in the 
presence of a magnetic field. This in contrast to the vacuum gap 19a, which has a strong 
electric field. 

Figures 2(a) and 2(b) illustrate variations on Figure 2. In particular, Figures 2(a) 
and 2(b) both show the mesh grid 23/within a liner 20 attached to an electron gun 
assembly 1. In Figure 2(a), the liner 20 is attached to the electron gun assembly 1 via a 
liner flange 21 and an electron/gun flange 16. In Figure 2(b), the liner 20 is attached to the 
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electron gun assembly 1 at weld 22. The liner 20-and electron gun assembly 1 could be 
attached by other techniques known to one ofordinary skill in the art, as long as the 
attachment is vacuum tight. Alternatively; the mesh grid 23 could be placed below the 
boundary between the liner flange^l and the electron gun flange 16 or below the weld 22, 
within the electron gun assemjafy 1, as long as the mesh grid 23 remains within the drift 
space 19. * 

One advantage of th£ embodiments illustrates in Figures 2(a) and 2(b) is that they 
permit the use of conventional non-optimal electron guns. A conventional electron gun 
produces a beam which is too narrow and too non-uniform. The arrangements in Figures 
2(a) and 2(b) permit increased performance utilizing a conventional electron gun, since the 
mesh grid 23 contained within the liner 20 improves the beam emittance by making it 
wider and more uniform, which is more suitable for SCALPEL applications. The effect of 
the mesh grid 23 is more clearly illustrated in Figure 2(c). 

The electron emission pattern from the Wehnelt gun of Figure 1 , is shown in 
Figure 3. The relatively non-uniform, bell curve shaped output from the Wehnelt is 
evident. Figure 4 illustrates the electron beam emittance through the mesh grid 23. The 
emittance on the left side of the mesh grid 23 is low, whereas after passing through the 
mesh grid 23, the emittance of the electron beam is much higher. 

The screen element that forms the mesh grid 23 can have a variety of 
configurations. The simplest is a conventional woven screen with square apertures. 
However, the screen may have triangular shaped apertures, hexagonal close packed 
apertures, or even circular apertures. It can be woven or non-woven. Techn iques for ^ 
forming suitable screens from a continuous layer may occur to those skilled in the art. For 
example, multiple openings in a continuous metal sheet or foil can be produced by 
technique such as laser drilling. Fine meshes can also be formed by electroforming 
techniques. The mesh grid 23 should be electrically conducting but the material of the 
mesh is otherwise relatively inconsequential. Tantalum, tungsten, molybdenum, titanium, 
or even steel are suitable materials, as are some alloys as would be known to one skilled in 
the art. The mesh grid 23 preferably has a transparency in the range of 40-90%, with 
transparency defined as the two dimensional void space divided by the overall mesh grid 
area. 
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With reference to Figure 4(a), the mesh grid has bars "b" of approximately 50 |um, 
and square cells with "C" approximately 200 |im. This mesh grid has a transparency of 
approximately 65%. Examples of mesh grid structures that were found suitable are 
represented by the examples in the following table. 



TABLE I 





Cell dimension "C", (xm 


Bar width "b", um 


Grid#l 


200 


50 


Grid #2 


88 


37 


Grid #3 


54 


31 



The cell dimension "C" is the width of the opening in a mesh with a square 
opening. For a rectangular mesh grid the dimension "C" is approximately the square root 
of the area of the opening. It is preferred that the openings be approximately symmetrical, 
i.e., square or round. 

The thickness t of the mesh grid is relatively immaterial except that the aspect ratio 
of the openings, C/t, is preferably greater than 1. A desirable relationship between the 
mesh grid parameters is given by: 

C:t>-1.5 

/ 

In yet another embodiment, the lens array may include more than one mesh. In one 
embodiment, the lens array inc ludes three m eshes. The outer two meshes may be prepared 
having curved shape; such a lens would provide beam emittance control and decrease 
spherical aberration. 

In addition the outer two meshes may also be replaced with foils, such as an SiN 
foil, with a thickness of approximately 0.1 jam. Such a film would permit substantially no 
physical interaction (inelastic collisions), and therefore a transparency approaching 100%. 
Due to the large current being passed through the lens array (either mesh or continuous), 
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the transparency is important. If a high percentage of the beam impacts the structure of the 
mesh or continuous film, the high current is likely to melt the mesh or continuous film. 

Figure 5 is a more general representation of the optics of the present invention. 81 
is the cathode of a standard high brightness electron gun, either a W hairpin, or a LaB 6 
crystal or a BaO gun as used in for example a CRT. 82 is the gun lens formed by the 
Wehnelt electrode and the extraction field. 83 is the gun cross-over with diameter dg. 84 is 
the electron beam emerging from the gun, with half aperture angle a g as they appear 
looking back from where the beam has been accelerated to 100 kV. The emittance of the 
gun is now 



io E = \ d \< 



After the beam has spread out to a diameter which is considerably larger than the diameter 
of the lenslets 85, the lens array 80 is positioned. Each lenslet 85 creates an image 86 of 
the gun cross-over with size di. Each subbeam 87 now has a half opening angle a. 

The emittance increase created by the lens array 80 can be derived. Liouvilles 
1 5 theorem states that the particle density in six dimensional phase space cannot be changed 
using conservative forces such as present in lenses. This implies that the emittance within 
each subbeam that goes through one lenslet is conserved and thus: 



N- — d 2 a 2 = — </ 2 a 2 
4 1 1 4 8 8 



where N is the number of subbeams. 
2 0 The emittance of the beam appears to be 



N. — L 2 a 2 R 
4 * 



where L is the pitch of the lenslets 85 and thus V * — L is the total area of the lens array 

80. The new emittance of the beam is termed the effective emittance. The emittance 
increase is E e ff / E gun = L 2 / dj 2 . 
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It is not necessary to create a real cross-over with the lenslet array. The calculation 
of the emittance increase then proceeds differently, but the principle still works. 

For a large emittance increase, it is beneficial to use a large pitch of the mesh grid 
23. However, the newly formed beam should include a reasonably large number of 
5 subbeams so that the subbeams will overlap at essential positions in the system such as the 
mask. Example 1 illustrates typical values. 

Example 1 

A LaB 6 gun of 0.2 mm diameter is used. The cross-over after the gun lens could be 
60 |nm, thus the emittance increase is a factor of eight using Grid #1 in Table 1. 

1 0 The lens array 80 may be the mesh grid 23 at potential Vi, between liner 20 at 

potential Vo as shown in Figure 6, or include two grids 23 and 23 1 at the potentials 
illustrated in Figure 6(a) or three grids 23, 23\ 23" at the potentials illustrated in Figure 
6(b), or any other configuration which contains a grid mesh with an electrostatic field 
perpendicular to the gridplane. 

15 The focal distance of the lenslets 85 in Figure 5 is typically in the order of 4x 

Vacc/Efield, where Vacc is the acceleration potential of the electron beam and Efield the 
strength of the electrostatic field. In Example 1 , the distance between the gun cross-over 
and the lens array could be typically 100 mm, calling for a focal length of about 50 mm to 
create demagnified images. Thus, at 100 kV acceleration, the field should be 10 kV/mm. 

2 0 In an alternative embodiment, if a specific configuration requires a strong field, the 

mesh grid 23 could be incorporated in the acceleration unit of the gun, between the 
cathode and the anode. This would have the additional advantage that the beam has not yet 
been accelerated to the full 100 kV at that point. 

In an alternative embodiment, the mesh grid 23 could also be incorporated in the 

2 5 electron gun in the Wehnelt-aperture 16 of Figure 2. The mesh pitch must again be much 

smaller than the cathode diameter. This would lead to lenslet sizes in the order of jam's. 

The present invention has been confirmed by computer simulation with both 
Charged Particle Optics (CPO, Bowring Consultant, Ltd., and Manchester University) and 
SOURCE (by MEBS, Ltd.) models. In the SOURCE model, the mesh grid 23 is 

3 0 approximated by a series of circular slits. In both the CPO and SOURCE programs, a lens 

including two grounded cylinders with a biased mesh in the gap between those cylinders is 
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simulated. Figure 7 shows a detail of the SOURCE model, with fields. The lensfields are 
clearly visible in the openings in the mesh. 

Further, the modeling has been done with a three-dimensional simulation program 
CP03d. Figure 8 illustrates the potential distribution in the plane of the mesh. Again, the 
5 multi-lens effect in the mesh grid can be clearly seen. 

As indicated above the electron gun of the invention is most advantageously 
utilized as the electron source in a SCALPEL electron beam lithography machine. 
Fabrication of semiconductor devices on semiconductor wafers in current industry practice 
contemplates the exposure of polymer resist materials with fine line patterns of actinic 
1 0 radiation, in this case, electron beam radiation. This is achieved in conventional practice 
□ by directing the actinic radiation through a lithographic mask and onto a resist coated 

substrate. The mask may be positioned close to the substrate and the image of the mask 
% projected onto the substrate for projection printing. 

[ IP SCALPEL lithography tools are characterized by high contrast patterns at very 

lil 15 small linewidths, i.e., 0.1 jam or less. They produce high resolution images with wide 

. process latitude, coupled with the high throughput of optical projection systems. The high 

P throughput is made possible by using a flood beam of electrons to expose a relatively large 

C\ area of the wafer. Electron beam optics, comprising standard magnetic field beam steering 

H- and focusing, are used to image the flood beam onto the lithographic mask, and thereafter, 

2 0 onto the substrate, i.e., the resist coated wafer. The lithographic mask is composed of 
regions of high electron scattering and regions of low electron scattering, which regions 
define the features desired in the mask pattern. Details of suitable mask structures can be 
found in U.S. Patents Nos. 5,079,1 12 issued Jan. 7, 1992, and 5,258,246 issued Nov. 2, 
1993, both to Berger et al. 

2 5 An important feature of the SCALPEL tool is the back focal plane filter that is 

placed between the lithographic mask and the substrate. The back focal plane filter 
functions by blocking the highly scattered electrons while passing the weakly scattered 
electrons, thus forming the image pattern on the substrate. The blocking filter thus absorbs 
the unwanted radiation in the image. This is in contrast to conventional lithography tools 

3 0 in which the unwanted radiation in the image is absorbed by the mask itself, contributing 

to heating and distortion of the mask, and to reduced mask lifetime. 
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The principles on which SCALPEL lithography systems operate are illustrated in 
Figure 9. Lithographic mask 52 is illuminated with a uniform flood beam 51 of 100 keV 
electrons produced by the electron gun of Figure 2. The membrane mask 52 comprises 
regions 53 of high scattering material and regions 54 of low scattering material. The 
5 weakly scattered portions of the beam, i.e., rays 5 la, are focused by magnetic lens 55 
through the aperture 57 of the back focal plane blocking filter 56. The back focal plane 
filter 56 may be a silicon wafer or other material suitable for blocking electrons. The 
highly scattered portions of the electron beam, represented here by rays 51b and 51c, are 
blocked by the back focal plane filter 56. The electron beam image that passes the back 

10 focal plane blocking filter 56 is focused onto a resist coated substrate located at the optical 
plan represented by 59. Regions 60 replicate the features 54 of the lithographic mask 52, 
i.e., the regions to be exposed, and regions 61 replicate the features 53 of the lithographic 
mask, i.e., the regions that are not to be exposed. These regions are interchangeable, as is 
well known in the art, to produce either negative or positive resist patterns. 

15 A vital feature of the SCALPEL tool is the positioning of a blocking filter at or 

near the back focal plane of the electron beam image. Further details of SCALPEL 
systems can be found in U.S. Patents Nos. 5,079,1 12 issued Jan. 7, 1992, and 5,258,246 
issued Nov. 2, 1993, both to Berger et al. These patents are incorporated herein by 
reference for such details that may be found useful for the practice of the invention. 

2 0 It should be understood that the figures included with his description are schematic 

and not necessarily to scale. Device configurations, etc., are not intended to convey any 
limitation on the device structures described here. 

For the purpose of definition here, and in the appended claims, the term Wehnelt 
emitter is intended to define a solid metal body with an approximately flat emitting 

2 5 surface, said flat emitting surface being symmetrical, i.e., having the shape of a circle or 

regular polygon. Also for the purpose of definition, the term substrate is used herein to 
define the object plane of the electron beam exposure system whether or not there is a 
semiconductor workpiece present on the substrate. The term electron optics plane may be 
used to describe an x-y plane in space in the electron gun and the surface onto which the 

3 0 electron beam image is focused, i.e., the object plane where the semiconductor wafer is 

situated. 
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As set forth above, in the present invention, an electron optical lens array is 
inserted into the illumination optics of the SCALPEL tool. The position of this lens array, 
or fly's eye lens, is such that each lenslet creates a beam cross-over with a smaller diameter 
d than the distance between the lenslets L, which increases the effective emittance of the 
5 beam by a factor (L/d) 2 . The electron optical lens array is a mesh grid with an electrostatic 
field perpendicular to the grid. One advantage over conventional systems is that the 
present invention allows the use of a standard high brightness electron gun. Another 
advantage is that the effective emittance can be varied without stopping a large part of the 
electron current on beam shaping apertures which is now the only way to change the 
1 0 emittance. Yet another advantage is that a homogeneous illumination of the mask may be 
obtained. 

Various additional modifications of this invention will occur to those skilled in the 
art. All deviations from the specific teachings of this specification that basically rely on 
the principles and their equivalents through which the art has been advanced are properly 
1 5 considered within the scope of the invention as described and claimed. 



